Xylanases from family 10 glycanases contain three conserved histidine residues in their active site. The role of H86 in the structure-function of xylanase A from Streptomyces lividans (XlnA) was studied by site-directed mutagenesis. Six mutant proteins (H86A/E/F/K/Q/W) were produced, purified and characterized. The six mutations reduced the affinity of XlnA towards xylan without having any major effect on the catalytic constant. All these mutations also lowered the pK a of the acid-base catalyst by 0.46-1.94 pH units. The mutations decreased the enzyme stability at 60°C by up to 95% and the transition temperature by 2.2-5.8°C. Unfolding of the protein with guanidine hydrochloride (Gdn·HCl) showed that five out of six mutations decreased the concentration required to denature 50% of the XlnA, confirming the importance of H86 for the stability of the enzyme. The increase in m value {m ⍧ d(∆G)/d[Gdn·HCl]} also suggested the involvement of residue H86 in the structure of the denatured state of XlnA. It can be concluded from this study that this active site residue was conserved in family 10 glycanases for its function in maintaining the elevated pK a of the acid-base catalyst and in the stability of the protein, while being of little importance for the activity.
Introduction
Xylanases have been isolated from a variety of microorganisms and are classified into two distinct families of glycosyl hydrolases according to the amino acid sequence of their catalytic domains (Henrissat and Bairoch, 1997) . Streptomyces lividans is a well known actinomycete that produces three xylanases. Xylanase A (XlnA) belongs to family 10 whereas xylanases B and C belong to family 11 (Shareck et al., 1991) . Xylanases of both families hydrolyze xylan by a double displacement mechanism involving two glutamic acids (Sinnott, 1990) . One of these residues acts as the acid-base catalyst while the other plays the role of nucleophile. In order for hydrolysis to occur, the acid-base catalyst must be protonated and the nucleophile ionized. The two catalytic residues in XlnA were identified by site-directed mutagenesis as E128 (acid-base catalyst) and E236 (nucleophile) (Moreau et al., 1994) and confirmed by the three-dimensional structure of the catalytic domain of XlnA (Derewenda et al., 1994) .
Structure determination and amino acid sequence alignment suggested the importance of several amino acids located in the active site of family 10 xylanases. XlnA contains six histidine residues and three of them are located in its active site. Mutations at positions H81 and H207 decreased the activity of the enzyme by more than 95%, showing their importance for the activity (Roberge et al., 1997) . These highly conserved histidine residues located in the environment of the nucleophile E236 are also important for the stability of XlnA and for maintaining the ionization state of both catalytic residues (Roberge et al., 1997) . In this work, site-directed mutagenesis was used to investigate the structure-function relationship of the third conserved histidine residue in family 10 xylanases. We showed that H86 has been conserved in family 10 glycanases for its crucial role in the stability of the structure of XlnA and in maintaining the pK a of the acidbase catalyst.
Materials and methods

Site-directed mutagenesis
Site-directed mutagenesis of the xlnA gene was performed according to the method of Kunkel (1985) on phagemid pIAF217 or pAM19.1 (Moreau et al., 1994) . The following oligonucleotides were used for mutagenesis of H86A: 5Ј-CTG CTG GGA GGC CCA GGC CAG-3Ј; H86E: 5Ј-CTG CTG GGA CTC CCA GGC CAG-3Ј; H86F: 5Ј-CTG CTG GGA GAA CCA GGC CAG-3Ј; H86K: 5Ј-CTG CTG GGA CTT CCA GGC CAG-3Ј; H86Q: 5Ј-CTG CTG GGA CTG CCA GGC CAG-3Ј and H86W: 5Ј-GGG CTG CTG GGA CCA CCA GGC CAG GGT-3Ј [underlining indicates the substituted nucleotide(s)]. Screening and subcloning of the mutated gene from pIAF217 or pAM19.1 into plasmid pIAF18 and pIAF18.1, respectively, were performed as described previously (Moreau et al., 1994; Roberge et al., 1997) . Enzyme production and purification XlnA was produced as described before (Bertrand et al., 1989) . Proteins in the supernatant of S.lividans culture were first concentrated by ultrafiltration with a 3 kDa cut-off membrane (Omega). The concentrated proteins were then precipitated with ammonium sulfate at 65% saturation and, after centrifugation, the precipitate was dissolved in 50 mM sodium citrate buffer, pH 6.0. Samples of 100 mg of protein were loaded on a Phenyl-Sepharose column (Pharmacia) in 50 mM sodium citrate buffer containing 1 M ammonium sulfate, pH 5.6. Proteins were eluted with a decreasing linear gradient to 0 M ammonium sulfate, followed by an increasing linear gradient to 50% ethylene glycol. Protein concentration was measured by UV absorption at 280 nm. The fractions containing XlnA were pooled, dialyzed against Milli-Q water and freeze-dried. The second step consisted of separation on a Superdex HR75 beaded column (3ϫ60 cm) (Pharmacia) with 100 mM sodium citrate, pH 6.0, as the eluent. The purified XlnA-containing fractions were pooled, dialyzed and freeze-dried.
Protein analysis
Protein concentration was determined with the Folin-Lowry reagent (Lowry et al., 1951) using bovine serum albumin as the standard (Bio-Rad). Purity was assessed by SDS-PAGE (Laemmli, 1970) and by Western blot analysis with anti-XlnA antibodies (Towbin et al., 1979) .
Enzymatic determinations
The specific activity was determined by incubating the enzymes with 4.5 mg/ml birchwood xylan (Sigma) in 50 mM sodium citrate buffer, pH 6.0, at 60°C for 10 min. The released reducing sugars were determined by the p-hydroxybenzoic acid hydrazide method, (Lever et al., 1984) adapted for microtiter plates. For the determination of Michaelis-Menten constants, the initial velocities of the enzymes were measured at 60°C in 50 mM sodium citrate buffer, pH 6.0, with birchwood xylan at increasing concentrations from 0.045 to 4.5 mg/ml. The kinetic parameters were calculated with the software GraFit version 3.09b (Leatherbarrow, 1990) . The pH profiles of hydrolysis were determined by measuring the initial velocities of the enzymes (apparent k cat ) at a xylan concentration of 4.5 mg/ml in 50 mM sodium phosphate buffer at pH values of 4.0-10.5. The pK a values, corresponding to those of the enzyme-substrate complex, were determined from the plot of apparent k cat versus pH using the software GraFit ver. 3.09b (Leatherbarrow, 1990) . The optimum temperature profiles were determined by measuring the specific activity of the enzymes in 50 mM sodium citrate buffer, pH 6.0, at temperatures ranging from 35 to 80°C. All enzymatic activities were expressed in international units (IU), where one IU represents the amount of enzyme releasing 1 µmol/min of reducing sugars using xylose as standard.
Stability of the enzyme
For the determination of the stability, solutions of 500 µg/ml of enzyme were incubated at 60°C. Samples were taken at regular intervals for determination of residual activity. The half-life was obtained by plotting the natural logarithm of the residual activity as a function of time of incubation. Stability was also determined in the presence of substrate by incubating the enzyme with 7.2 mg/ml of birchwood xylan in 50 mM sodium citrate buffer, pH 6.0. At regular intervals, aliquots were withdrawn and analyzed for their content of reducing sugars. The XlnA half-lives were determined by non-linear analysis of plots of released reducing sugars versus time.
Circular dichroism (CD)
Solutions of 500 µg/ml of xylanase in 10 mM sodium phosphate buffer, pH 6.0, were analyzed at room temperature using a 0.05 cm jacketed cell on a Jasco J-710 spectropolarimeter interfaced with an IBM computer. Data were averaged from 10 acquisitions between 250 and 190 nm at a scan rate of 100 nm/min. Thermal denaturation of XlnA was effected by heating 500 µg/ml samples in a 0.05 cm jacketed cell at a rate of 0.5°C/min from 50 to 85°C using a Neslab 110 water-bath. Changes in XlnA structure due to unfolding were followed at 210 nm at every 0.2°C. Denaturation curves were obtained with solutions containing 200 µg/ml xylanase and increasing concentration of Gdn·HCl in 10 mM sodium phosphate buffer, pH 6.0. Samples were incubated for 24 h at 25°C prior to CD analysis. Five measurements at 285.2 nm in a 1.0 cm cell were taken and averaged. In the case of mutant H86K, the CD analysis of Gdn·HCl unfolding was performed in the far-UV region at 222 nm in a 0.05 cm cell. These values and those obtained for thermal denaturation were then transformed into fraction of unfolded protein according to the following equation, assuming a two-state unfolding mechanism: 
where X n is the value of folded protein, X d the value for the unfolded protein and X the value observed (Pace et al., 1989) . Modeling Model structures of the different mutant proteins were generated using the software Look version 2.05 (Molecular Applications Group). Modeling of the side-chains of the residue at position 86 and its neighbors was performed with the Molecular Applications Group mutant modeling algorithm (Lee, 1994) . The model structure of the mutant and crystal structure of the wild-type were then superimposed to detect any structural modifications.
Results
Site-directed mutagenesis was used to replace H86 of XlnA from S.lividans by six different amino acids (A/E/F/K/Q/W). All mutations were verified by DNA sequencing. The wildtype xlnA of the high-copy number vector pIAF18 or pIAF18.1 was replaced by the mutated xlnA genes and expressed in the xylanase/cellulase-negative mutant S.lividans IAF10-164 (Hurtubise et al., 1995) . The fully secreted enzymes were purified and showed identical mobility on SDS-PAGE and reactivity with anti-XlnA antibodies in Western blot analysis (data not shown). Comparison of the mutant proteins with wild-type XlnA by circular dichroism in the far-UV region did not reveal any significant difference, indicating that none of these mutations modified the secondary structure content of the enzyme (Figure 1) .
Determination of the specific activity of the mutant proteins showed that five of the six mutations, H86A/E/F/K/Q, reduced the specific activity by 32-74%, whereas mutation H86W increased it by 18% (Table I ). The kinetic parameters of the enzymes were determined using birchwood xylan as the substrate. The affinity for xylan is decreased for all mutations studied (Table I) . Two mutants, H86F and H86W, increased the k cat by 29 and 10%, respectively, whereas mutants H86A/ (Leatherbarrow, 1990 ).
E/K/Q decreased it by 38-56% (Table I) . Compared with the wild-type, all six mutations reduced the specificity of XlnA (k cat /K M ), causing losses in binding energy ranging from 1.0 to 5.4 kJ/mol (Table I ). The effect of the mutations at position H86 on the pK a of the two catalytic residues of XlnA was measured by determining the apparent k cat of the mutant enzymes at different pH values (Figure 2) . The six mutations lowered the optimum pH by up to 0.8 pH unit (Table II) . From these pH profiles, it was possible to determine the pK a of the catalytic residues by analogy with a xylanase from Bacillus circulans. This family 11 xylanase, which uses the same mechanism as XlnA, shows two breaks in its pH profile due to changes in the ionization 401 state of the catalytic residues (McIntosh et al., 1996) . The six mutations affected the pK a of the nucleophile E236 marginally, as demonstrated by variations ranging from 0.04 to 0.31 pH unit (Table II) . However, a major effect on the pK a of the acid-base catalyst E128 was observed, decreasing by 0.46-1.94 pH units (Table II) .
The role of H86 in the stability of the protein was also studied. The optimum temperature profile for each of the mutant enzymes was decreased by 2-8°C (Table III) . The halflives of the enzymes were measured in the presence and absence of xylan. In both cases, the half-lives of the six mutants were lower than that of the wild-type, showing the importance of residue H86 for the stability of the protein. In all cases, except for mutant H86K, xylan protected the enzyme against thermal denaturation, as shown by the increase in the half-life when the enzyme was incubated in presence of xylan (Table III) .
The effect of the mutations on the thermal unfolding of XlnA was studied by CD (Figure 3a) . The T m , representing the temperature at which 50% of XlnA is denatured, was reduced by 2.2-5.8°C (Table III) . The role of H86 in the stability of XlnA in the presence of Gdn·HCl is shown in the denaturation curves (Figure 3b ). These curves allow the calculation of the concentration at which 50% of XlnA is denatured ([Gdn·HCl] 1/2 ). Mutation H86A had no significant effect on [Gdn·HCl] 1/2 , whereas mutations H86E/F/Q/W decreased this parameter slightly (Table III) . From the transition region of the denaturation curve, it was possible to calculate the m value, which is the slope of the plot of ∆G versus [Gdn·HCl] . Mutations H86E/F/K/Q/W increased the m value from 21 to 249%, whereas mutation H86A did not significantly affect this parameter (Table III) .
Discussion
The catalytic site of XlnA from S.lividans contains three conserved histidine residues, two of which (H81 and H207) were shown to be essential for efficient catalysis and for maintaining the ionization state of the catalytic residues E128 and E236 (Roberge et al., 1997) . The three-dimensional structure of the catalytic domain shows that the third one, H86, is located in a loop after β-strand 3 in a cluster of polar and charged residues near the acid-base catalyst E128 (Derewenda et al., 1994) . Moreover, H86 is part of an important hydrogen-bonding network surrounding the acid-base catalyst E128 (Figure 4) . By site-directed mutagenesis, it was possible to study the role of this third conserved histidine in the structure-function of XlnA. None of the six mutations introduced affected significantly the secondary structure content of the enzyme, as shown by CD (Figure 1 ). This was also observed upon modeling of the modified proteins, which (Derewenda et al., 1994) . The hydrogen bonds are shown as dashed lines and the water molecules as filled circles. (Pace et al., 1989) .
revealed that none of the mutations affected the backbone structure of the enzyme. However, the small differences in intensities in the 205-225 nm region between the CD spectra of the wild-type and those of the mutant enzymes may reflect subtle changes in the structure of XlnA (Figure 1 ). These changes probably arose from modifications in the environment of one or more tryptophan residues located in the active site of the enzyme, as this type of amino acid was previously shown to be the major contributor to the far-UV CD spectrum of barnase, a model protein for the study of protein folding and stability (Vuilleumier et al., 1993) . The results on the specific activity and the k cat of the mutants (Table I) showed that the side-chain of H86 is not to be 402 considered essential for efficient catalysis. Furthermore, the loss of at the most 5.4 kJ/mol in binding energy for any of the mutations studied is too weak to state that H86 is involved directly in binding of the substrate or of the catalytic intermediate (Table I) . These results are in agreement with previous observations obtained with two other family 10 glycanases. In the three-dimensional structure of Cex of Cellulomonas fimi covalently linked to a catalytic intermediate analog (2-fluoro-2-deoxycellobiosyl), H85, the equivalent of H86 in XlnA, is not directly involved in the binding of the catalytic intermediate (White et al., 1996) . Moreover, the threedimensional structure of XynA from Pseudomonas fluorescens subsp. cellulosa, complexed with xylopentaose, showed that H84, the equivalent of H86 in XlnA, is not located in any of the binding subsites for xylopentaose (Harris et al., 1994) .
The three-dimensional structure of the catalytic domain of XlnA showed that H86 is stacked with R139, which is located 3.74 Å away (Figure 4) (Derewenda et al., 1994) . Modeling of the structure surrounding residue 86 of the mutant enzymes showed that the major structural effect of mutations H86A/E/ K/Q was the displacement of R139 from its original location in wild-type XlnA. On the other hand, mutations H86F and H86W affected marginally the positioning of R139. The stacking of R139 by F86 and W86 was maintained in the modeled enzymes and, in the case of H86W, the indole nitrogen atom was still located 3.74 Å away from Nε of R139. These results suggested the importance of H86 in the correct positioning of R139, which is also conserved in family 10 glycanases. This would explain the fact that these two mutations did not decrease the activity of XlnA. However, modeling of mutants H86F and H86W could not explain the increase in the k cat of the enzyme, but these results strongly suggest that R139 is an important residue for the function of XlnA.
Comparison of the pK a values for the two catalytic residues of the different mutants showed that H86 is more important in maintaining the elevated pK a of the acid-base catalyst than in the ionization state of the nucleophile (Table II) . This was expected, since H86 is located much closer to E128 (4.4 Å between Nε2 of H86 and Oε1 of E128) than to E236 (11.8 Å between Nε2 and Oε2 of E236). Thus, H86 is involved in a hydrogen bond network important for the pK a of E128. Similar effects on the pK a of both catalytic residues by single point mutations were obtained for the two other conserved histidine residues, H81 and H207, located in the active site of XlnA (Roberge et al., 1997) . However, these amino acids were shown to be important for the pK a of both catalytic residues (Roberge et al., 1997) .
The role of H86 in the stability of XlnA was studied in relation to the activity and structure of the protein. These mutations destabilized considerably the active site of XlnA, as indicated by important losses in stability, while the presence of xylan protected partially the mutated enzymes from thermal denaturation. This could be explained by the fact that these mutant enzymes have less affinity for xylan than the wild-type protein (Table I) , which means that the increase in K M for xylan prevents the gain in stability observed in the presence of substrate in the case of wild-type XlnA. Partial protection as compared with the wild-type was also observed with other mutants of XlnA from S.lividans that have reduced affinity for xylan (Roberge et al., 1997) . A plot of the difference in K M between the wild-type and mutant enzymes as a function of the half-life in the presence of xylan revealed a trend in which the half-life of the enzyme is reduced in parallel with the loss of affinity for xylan ( Figure 5 ). This correlation shows that the changes in K M observed in this study are significant and that the substrate affinity has an important effect on the stability of XlnA. Even though the kinetic results indicated that H86 is not directly involved in substrate binding, the results on the stability of the enzymes in the presence and absence of substrate suggested that mutations at position 86 have a significant effect on the enzyme's affinity towards xylan. The subtle structural modifications at position 86 apparently disturb the active site of XlnA in a way that prevents the enzyme from efficiently binding to xylan.
Studies on the thermal stability of XlnA followed by CD were in good agreement with the results obtained by activity Fig. 5 . Half-life of wild-type and mutant XlnA at 60°C in the presence of xylan as a function of the change in affinity for xylan. Each point corresponds to a point mutation of XlnA. d, Data obtained in this study; j, data obtained for mutations at positions H81 and H207 (Roberge et al., 1997). measurements. Comparison of these results showed that relatively small changes in T m resulted in very important changes in the half-life of the enzyme (Table III) . These results on the structural stability of the XlnA showed the importance of H86 in the native structure of XlnA even though this residue is located on a loop. The results for the thermal denaturation studied by CD suggested that mutation H86W has a worse effect on the structure of XlnA than the other mutations (T m decreased by 5.8°C). Such behavior was not reflected by the half-life in presence and absence of substrate (Table III) , showing the complementarity between the different approaches. Investigation of the differences in Gdn·HCl denaturation caused by the mutations at position H86 yielded new information on the role of this residue in the stability of XlnA. Surprisingly, mutation H86A, which affected substantially the thermal stability of the enzyme, had no effect on the stability in presence of Gdn·HCl, whereas the other mutations reduced both T m and [Gdn·HCl] 1/2 (Table III) . This difference suggested that thermal and chemical unfolding have different effects and do not affect the same type of interactions within XlnA. All these results demonstrate that the conserved residue H86 is crucial for the stability of the structure of XlnA. The increased m value observed in five out of the six mutations suggested that the modified proteins have less residual structure and that H86 is involved in the structure of the unfolded state and/or in the folding mechanism of XlnA (Green et al., 1992) . Conclusion Sequence alignment and the structural environment of H86 showed that this amino acid is located in a cluster of polar and charged residues, suggesting that the polarity of H86 in XlnA is important for the stability of the enzyme and the elevated pK a of the acid-base catalyst E128 (Derewenda et al., 1994) . Six mutations were made, replacing H86 with polar, non-polar, charged or aromatic amino acids, and the results showed that histidine could not be replaced efficiently at this position, demonstrating its importance in family 10 xylanases. Hence this active site residue has been conserved throughout the evolution of family 10 glycanases for its structural implication for the stability and the ionization state of the acidbase catalyst.
